Studies were conducted on the oxidation and assimilation of n-alkyl-substituted cycloalkane substrates by several hydrocarbon-utilizing microorganisms. These microorganisms utilized heptadecylcyclohexane and dodecylcyclohexane as the sole source of carbon and energy. Neither methylcyclohexane nor ethylcyclohexane was utilized as a growth substrate by any organisms tested. Gas-liquid chromatographic analyses of fatty acids present in cells after growth on dodecylcyclohexane confirm direct incorporation of both alpha-and beta-oxidation products. Growth patterns of these organisms on n-alkyl-substituted cyclohexane fatty acids of varying chain lengths suggest a greater probability of ring cleavage when the side chain contains an odd number of carbons.
The literature offers few reports (11, 14, 24) of microorganisms that can utilize cyclohexane as the sole source of carbon and energy. Although microbial oxidation of alkyl-substituted cycloalkanes has been observed, the commercially more important alkylbenzenes have received most of the attention of workers in this field (2, 6, 7, 19, 29) .
Johnson et al. (13) noted the resistance of short-chain n-alkyl-substituted cycloalkanes (e.g., methyl-and ethylcyclohexane) to microbial oxidation. Recently, however, two reports (1, 25) suggest hydroxylation of ethylcyclohexane by Pseudomonas aeruginosa and Alcaligenes faecalis. Longer n-alkyl substituents of cyclic compounds appear to be degraded by the classical beta-oxidation sequence (29) .
This study was undertaken to gain more information on microbial degradation and concomitant assimilation of n-alkyl-substituted cycloalkanes.
MATERIALS AND METHODS Microorganisms. The organisms used in this study were: Mycobacterium vaccae strain JOB5 (26) ; M. rhodochrous strains OFS (8) and 7E1C (9) ; Nocardia asteroides strain A-116; and M. convolutum strain R-22 (3) . Stock cultures were maintained on mineral salts medium (15) with propane (50:50 [vol/vol] with air) as substrate.
Substrates. All hydrocarbons and other chemicals used were obtained from commercial sources and had a minimum purity of 99%. The sodium salts of acidic substrates and the hydrocarbons were sterilized by filtration.
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Substrate specificity. Substrates were tested at a concentration of 0.2% (vol/vol or wt/vol) in 125-ml Erlenmeyer flasks containing 30 ml of L-salts medium. Cultures were maintained in shake culture at 26 C for 7 days before growth was assessed.
Analysis of metabolites. Cultures of M. convolutum strain R-22, M. vaccae strain JOB5, and M. rhodochrous strain OFS were established in 2-liter Erlenmeyer flasks containing 500 ml of L-salts medium with 0.2% of either dodecylcyclohexane or heptadecylcyclohexane as the sole carbon and energy source. After 6 days of growth in shake culture at 26 C, the cultures were centrifuged and the resulting supernatants were rendered free of cells by passage through a membrane filter (0.45 Mm; Millipore Corp.).
Retrieval of accumulated fatty acids was accomplished by extraction of the aqueous supernatant twice with equal volumes of diethyl ether. Methyl esters of the fatty acids were prepared with BF, in methanol (8) and subjected to gas-liquid chromatographic analysis. The column used was copper tubing (6.35 by 1.83 mm) packed with 15% diethyleneglycolsuccinate on 60/70 mesh Gas Chrom P (Applied Science Laboratories, State College, Pa). Column temperature was maintained at 140 C. The chromatographic system was an F & M model 810 equipped with a hydrogen flame ionization detector. Relative retention times of unknown peaks were compared to a standard curve prepared with known w-cyclohexylsubstituted fatty acid methyl esters. Quantitation of methyl esters was by the method of Horning et al. (10) .
Cellular fatty acid analysis. Fatty acid composition of strains JOB5, OFS, and R-22 was examined after growth on dodecylcyclohexane. Fatty acid methyl esters were prepared as previously described (8) . Residual hydrocarbon substrate was removed from the esters by thin-layer chromatography (TLC). The esterified material was spotted on Silica Gel G TLC plates with a gel thickness of 0.5 mm. A solvent system of hexane-diethyl ether-acetic acid (90: 10: 1) was employed. After drying, the ester band was scraped from the plate, eluted with benzene, and subjected to gas-liquid chromatographic analysis.
Phospholipid analysis. Strain R-22 cells (0.75 g) grown on dodecylcyclohexane were subjected to total lipid extraction with CHClI-CH,OH (2:1 vol/vol).
The lipid extraction procedure was essentially that used by Makula and Finnerty (18) . The extract was concentrated under vacuum to a volume of 200 uliters and spotted on a Silica Gel G TLC plate with a gel thickness of 0.5 mm. The plate was placed in a system of CHCl8-CH,OH-7 N NH4OH (65:35:5), and the solvent was allowed to proceed halfway up the plate. This separated the phospholipid fraction from the neutral lipids. After drying under N2 for 30 min, the plates were placed in a system of hexane-diethyl ether-acetic acid (90: 10:1), and solvent was allowed to run the entire length of the plate. This procedure rid the phospholipid fraction of residual hydrocarbon substrate and free fatty acids (22) . After this onedimension, two-phase chromatographic procedure was completed, the phospholipid fraction was eluted from the silica gel with benzene and transesterified with BF, in methanol. The reliability of this separation technique was checked by subjecting the lipids,to column chromatography (17) . The fatty acid esters were identified by gas-liquid chromatography (GLC). The relative amount of each fatty acid in the lipid was determined as previously described (8, 9, 27) .
Several unknown peaks were encountered during analysis of both the cellular fatty acids and the phospholipid fraction. A James plot (12) was constructed to ascertain whether these new peaks might constitute a family of compounds. Confirmation of molecular structure was accomplished with a Varian model 1200 gas chromatograph-Finnigan model 1015 electron impact and chemical ionization mass spectrophotometer system. Enrichment methods. Enrichment for organisms capable of growth on various substrates was performed as follows. (i) Soil was placed in a crystallization dish (12.5 by 6.5 cm) to a depth of 1.5 to 2 cm, and the substrates were mixed into the soil at concentrations from 0.1 to 2.0% (wt/vol). The soil was supplemented with L-salts medium, and tap water was added periodically to prevent drying. The dishes were incubated at 27 C for as long as 2 months. (ii) Approximately 100 mg of soil was placed in a 50-ml flask and placed either on a shaker for 7 to 14 days or incubated in stationary culture for 15 to 30 days. (iii) Dilutions of soil were spread on the surface of L-salts agar and incubated in desiccators containing substrate in the vapor phase, or the substrate was added directly to a 1.5-cm well cut into the center of the agar surface. This provided a gradient of substrate across the agar surface.
RESULTS
The ability of several organisms to utilize substituted cycloparaffins is depicted in Table  1 . All organisms tested grew on dodecyl-and heptadecylcyclohexane as the sole source of carbon and energy. However, neither methylnor ethylcyclohexane supported the growth on any organism tested. Varying inoculum size and substrate concentration was not effective in promoting the growth of any organism tested. Attempts to isolate organisms from over 200 soil samples by enrichment culture that utilized cycloparaffins with short n-alkyl substituents were unsuccessful. Conversely, organisms capable of utilizing dodecyl-or heptadecylcyclohexane could be routinely found in soils from many geographical locations.
All hydrocarbon-utilizing microorganisms tested grew at the expense of the sodium salt of cyclohexyl n-alkyl fatty acids containing one or three carbons in the side chain. Acids containing an even number of carbons in the side group (e.g., two or four) were not utilized. Numerous organisms were isolated from soils enriched with the sodium salt of either cyclohexylmethanoic or 1-cyclohexylpropionic acid. Less success was realized, however, when cyclohexylacetic (Na) or 1-cyclohexylbutyric acid (Na) were employed as enrichment substrate.
The predominant fatty acids found in the supernatant fraction of cultures of strain R-22, JOB5, or OFS after growth on dodecylcyclohexane contained an even number of carbons in the side chain. Cyclohexylacetic acid comprised 79% of the profile for strain R-22 (Table 2) . Total fatty acids with odd-carbon-number side chains (one or three carbons) amounted to 20.6% of the total acids present. After growth of R-22 on heptadecylcyclohexane, the predominant fatty acid found in the supernatant fraction was 1-cyclohexypropionic acid (Table 2) . Cyclohexyl acids with even-carbon-number side chains were 35% of the total profile.
The relative amount of cyclohexylacetic acid produced during dodecyl-and heptadecylcyclohexane degradation by strain R-22 was determined by quantitative extraction of the supernatants with diethyl ether. The 12-carbon nalkyl-substituted cycloparaffin yielded 7.4 mg of cyclohexylacetic acid, and 21 ,ug was obtained from the 17-carbon n-alkyl-substituted heptadecylcyclohexane. Equivalent total cell yield was attained on these substrates.
A James plot (12) revealed that several unknown peaks encountered during GLC analysis of fatty acid composition of organisms after growth on n-alkyl-substituted cyclohexanes constituted a family of compounds (Fig. 1) . GLC mass spectral analysis provided confirmation of the molecular structure of these compounds. The mass spectra of components proposed to be the esters of cyclohexyldodecanoic and cyclohexyldecanoic acid (Fig. 2) Analysis of the phospholipid fraction of strain R-22 after growth on dodecylcyclohexane,revealed that w-cyclohexyl-substituted fatty acids comprised a major portion (50%) of the total fatty acid profile (Table 4) The resistance of cyclohexylacetic acid to microbial attack has been reported (6) . The quantity that accumulated during growth of strain R-22 at the expense of dodecylcyclohexane- (Table 2) suggests incomplete metabolism of this n-alkyl-substituted cycloparaffin. Conversely, data regarding the biodegradability and accumulation of cyclohexylmethanoic and 1-cyclohexylpropionic acids (6; Table 1 and 2) suggest a higher degree of mineralization of heptadecylcyclohexane by hydrocarbon-utilizing microorganisms.
Identification of an intermediate of beta-oxidation of the n-alkyl side chain of dodecylcyclohexane (Table 3) confirms previous work (6, 28, 29) concemning beta-oxidation of n-alkylsubstituted cyclic hydrocarbons. Although initial monoterminal oxidation and subsequent beta-oxidation of the n-alkyl substituent predominate, the data also suggest participation of alpha-oxidation in the degradation process (Table 2-4). The yeasts Candida tropicalis and C. lipolytica have been reported to attack n-alkanes by both alpha-and beta-oxidation (20) .
The majority of the cellular fatty acids of strains R-22, OFS, and JOBS grown at the expense of dodecylcyclohexane were directly derived from the n-alkyl-substituted cyclohexane substrate rather than synthesized via the classic C,-condensation route. The predominate fatty acid ( (21) grown on n-alkanes is also of the same chain length as the substrate. Dodecylcyclohexane apparently reacts physicochemically much as do the nalkanes C,3-C,7 (9) and can be directly incorporated into cellular lipids after monoterminal oxidation.
The results confirm that 1-cyclohexyldodecanoic acid was incorporated into the phospholipids of strain R-22 ( Table 4 ). The 1-cyclohexyldodecanoic acid can serve as an important structural component of cellular membrane since it made up about 25% of the total phospholipid fatty acid. Manipulation of membrane structure function by varying growth substrate of microorganisms has previously been reported (17, 23, 27) .
Microbial incorporation of compounds having undergone no appreciable structural alteration raises a point of ecological significance. Since n-alkyl-substituted cycloparaffins are constitu- a Cells were grown for 6 days at 26 C on a rotary shaker. Substrate was added at 0.2% (vol/vol) in 500 ml of L-salts medium.
ents of certain crude oils (5), they must be regarded as environmentally important molecules. These compounds, although attacked by microorganisms, may be as significant, ecologically, as are compounds resistant to microbial degradation. The incorporation of these n-alkylsubstituted cycloparaffins into lipoidal material of microorganisms demonstrates the entrance of an environmental pollutant into the lowest level of many potential food chains. 
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